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Abstract 
Polystyrene core-shell atex particles are introduced as affinity ligand carriers for affinity separations. The particles, 
prepared by a seeded emulsion polymerisation process, are submicron in size and composed of a hard polystyrene core 
surrounded by a hydrophilic shell to which affinity ligands can be covalently coupled. The reactive dye Cibacron Blue 
is studied as model ligand. This dye ligand, which is covalently coupled directly to hydroxyl groups on the particle 
surface, is studied and the amount of coupled dye is determined quantitatively by diffuse reflection spectroscopy. The 
degree of coupling can be controlled by the ionic strength of the reaction medium. The adsorption of bovine serum 
albumin to the latices appears to be proportional to the ligand density. The functionalised core-shell lakes show a high 
colloidal stability, fast protein adsorption/desorption kinetics and a low non-specific adsorption. The latex particles can 
find use in affinity separation techniques uch as aEnity chromatography and affinity membrane filtration. 
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1. Introduction 
Affinity separation uses the natural biological 
affinity displayed between biological macro- 
molecules and complementary ligands such as 
enzymes and coenzymes, antibodies and antigens, 
receptors and hormones. The ligands are generally 
covalently coupled to solid supports or carrier 
particles to facilitate the isolation of the product 
(bound/free separation) and to create the possibility 
of recycling the often expensive ligands. The domi- 
nating affinity purification technique is affinity 
chromatography [ 1,2]. This technique enables a 
* Corresponding author. 
high degree of purification while providing a good 
recovery yield. It suffers from drawbacks like dis- 
continuity of operation and difficulties in the scale- 
up process [ 31. One of the novel processes being 
developed which takes advantage of the affinity 
adsorption process on the one hand and attempts 
to overcome the disadvantages on the other hand 
is the so-called affinity cross-flow filtration (ACFF) 
process [4-71. This process combines affinity 
adsorption to colloidally suspended solid particles 
with cross-flow membrane filtration for bound/free 
separation. The ideal carrier particle should meet 
the following requirements: insolubility, high 
specific surface area, mechanical and chemical 
stability, hydrophilicity, the absence of non-specific 
adsorption sites, the presence of functional groups 
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for ligand coupling, and resistance towards micro- 
bial and enzymatic attack [ 11. Beaded agarose can 
be considered to be the most used carrier material. 
Its disadvantages are poor acid, thermal and 
mechanical stability, and macroporosity, being 
responsible for a rate-limiting pore diffusion. 
In a series of papers [8,9] a polystyrene latex 
with a core-shell structure is investigated as a 
ligand carrier for use in an affinity cross-flow 
filtration process. Cibacron Blue has been chosen 
as model ligand for the separation of bovine serum 
albumin (BSA) from its mixtures with immuno- 
globulin G (IgG). In this first paper the prepara- 
tion, ligand immobilisation and characterisation of 
the carrier particles are described. The other two 
papers [ 8,9] will deal with the single and competi- 
tive protein adsorption behaviour of the dye- 
functionalised carrier particles. 
Polystyrene latex is one of the most frequently 
described model systems for studying particle inter- 
actions in colloidal systems [lo-121 and the 
adsorption behaviour of various adsorbents, such 
as proteins [ 13-161. Monodisperse polystyrene 
latex can be prepared in a wide size range and in 
a physico-chemically reproducible manner [ 17,181. 
The core-shell atex used in this paper is prepared 
by the seeded semicontinuous emulsion copoly- 
merisation of acrylic and vinyl monomers. As the 
seed, a polystyrene latex is used, which is prepared 
by the normal emulsion polymerisation of styrene. 
The process results in a cross-linked copolymer 
shell around the polystyrene core. The shell proper- 
ties are designed in such a way that hydrophilic 
groups are introduced and non-specific protein 
adsorption is reduced as much as possible. 
Functional hydroxyl groups on the particle surface 
can be used for ligand immobilisation. The direct 
covalent coupling of Cibacron Blue to hydroxyl- 
functionalised core-shell latex through triazinyl 
arylation is studied. Characterisation of the core- 
shell carrier particles, as well as the ligand-coupled 
particles, is performed by electrophoresis, diffuse 
reflection spectroscopy, conductometric titration 
and BSA adsorption. 
2. Materials 
Styrene was obtained from Merck and was 
extracted with an equal volume of a 5 wt.% 
potassium hydroxide solution in water to remove 
the inhibitor. This extraction was followed by a 
fourfold rinse with deionised, distilled water. 
Potassium persulphate was obtained from Fluka. 
Aerosol-MA-80, sodium bis( 1,3_dimethylbutyl) 
sulphosuccinate (SDSS), was supplied by American 
Cyanamid and was used as received. Sodium vinyl 
sulphonate (SVS) was obtained from Fluka as a 
30% aqueous solution, and glycidyl methacrylate 
(GMA), acrylamide (AAm) and N,N’-methylene- 
bisacrylamide (NMBAm) were obtained from 
Janssen and were used as received. 
Cibacron Blue F3G-A (Procion Blue HB) was 
purchased from Janssen, and was used as received. 
The dye content is about 60%. 
Bovine serum albumin (BSA; Boseral 30 TA; 
300 g 1-l solution) was obtained from Organon 
Teknika B.V. (Boxtel, The Netherlands) and was 
used as received. 
Potassium monohydrogen phosphate and potas- 
sium dihydrogen phosphate, analysis grade, were 
obtained from Baker. 
Pure water was obtained using a Millipore Mill 
Q-plus system fed with distilled water. 
3. Methods 
3.1. Latex preparation 
Monodisperse polystyrene latex was prepared 
by batchwise emulsion polymerisation according 
to previously described procedures [ 13,141 in 11 
double-walled glass reactors equipped with a reflux 
cooler, pitch-blade stirrer and nitrogen purge in 
the presence of the anionic emulsifier SDSS 
(Aerosol MA-80), sodium hydrogen carbonate 
buffer and potassium persulphate initiation at 
70°C. Quantities and reaction conditions are given 
in Table 1. 
After the reaction the latices were filtered over 
glass wool and used without further purification 
as seeds in the seeded semicontinuous emulsion 
copolymerisation where a monomer feed consisting 
of 9.0 g of SVS, 7.0 g of GMA, 1.0 g of AAm and 
1.0 g of NMBAm in a mixture of 37.5 ml of water 
and 37.5 ml of methanol was dosed at a constant 
rate to the reactor using a Pharmacia peristaltic 
Table 1 
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Reagent quantities and conditions for the batchwise preparation f monodisperse polystyrene core particles 
Code 
AAJ 19 
VQ 69 
Hz0 Styrene J&S@8 NaHCO, SDSS Time Temp. 
(g) (g) (g) (9) (8) (h) (“Cl 
600 300 0.486 0.606 7.71 16 70 
600 316 0.319 0.320 5.20 22 70 
Size (nm) 
QELSa 
240 
318 
SEMb 
255 
390 
“Quasi-elastic light scattering. 
b Scanning electron microscopy. 
pump. Dosing was started directly after the addi- 
tion of potassium persulphate to the reactor at 
70°C. The reactions were carried out for 18 h 
(inclusive of monomer feed dosage time). 
Quantities and conditions are given in Table 2. 
Purification was performed by serum replace- 
ment using microfiltration in stirred dead-end 
Amicon cells equipped with 0.2 urn Nuclepore 
membranes, replacing the medium 30 times with 
pure water. Hydrolysis of the surface epoxide 
groups was performed by bringing the purified 
latex to pH 2.5 using 1 N hydrochloric acid and 
shaking the latex for 3 h at 50°C followed by 
serum replacement with pure water. The amount 
of vicinal hydroxyl groups at the latex surface can 
be determined by periodate oxidation and spectro- 
photometric detection of the diacetyldihydroluti- 
dine formed by the reaction between the released 
formaldehyde and 2,4pentanedione [ 191. 
3.2. immobilisation (see Fig. 1) 
In a typical immobilisation experiment, 20.0 g 
of the purified latex (size 400 nm; solids content 
5.0 wt.%) was mixed with 20.0 g of an aqueous 
Cibacron Blue solution (14.0 g 1-l) followed by 
20.0 g of sodium chloride solution. The pH of the 
mixture was adjusted to 12.0 with 1 N sodium 
Table 2 
Quantities and conditions for the preparation f core-shell 
particles by seeded semi-continuous emulsion polymerisation 
Code Water Seed GW, NaHCO, Feed 
(g) (g) (g) (9) (ml) 
ALD 3 775.0 150.0 (AAJ 19) 0.321 0.200 75.0 
ALD 8 724.5 129.1 (VQ 69) 0.320 0.201 47.9 
hydroxide. The reaction mixture was transferred 
to a capped polyethylene bottle (100 ml) and 
placed in a water-bath shaker at 50°C for 3 days. 
The latex was extensively purified by serum 
replacement with pure water using microfiltration. 
The filtrate was checked for the presence of 
Cibacron Blue spectrophotometrically at 610 nm. 
3.3. Particle size 
The size of the latex particles was determined 
by quasi-elastic light scattering (QELS) using a 
Malvern 4700 Zetasizer, scanning electron micro- 
scopy (SEM) and sedimentation field flow fraction- 
ation (Du Pont SF3 2000). The polydispersity 
index (p.d.i.) determined by QELS approximates 
the square of the relative standard deviation. 
3.4. Diffuse rejlection spectroscopy 
The amount of immobilised dye was determined 
quantitatively by diffuse reflection spectroscopy. 
The blue latex, with a known solids content, was 
placed in the sample port of an integrating sphere 
(diameter 110 mm) and the diffuse reflectance was 
measured at 610 nm with a Varian Cary 5 spectro- 
photometer. The amount of dye was calculated 
from the calibration curve obtained by adding 
known amounts of free Cibacron Blue to the 
corresponding white latex of the same solids 
content. A linear relationship between the dye 
concentration and the well-known Kubelka-Munk 
function was obtained. 
3.5. Conductometric titration 
The amount of covalently bound ionogenic sur- 
face groups was determined by conductometric 
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Cibacron Blue 
7 
HZO, pH>lO 
-HCI 
Fig. 1. Covalent coupling of Cibacron Blue with vicinal-hydroxyl-group-functionalised core-shell particles. 
titration with sodium hydroxide (0.01 mol 1-r) of 
the purified latices, which were converted to the 
Hf ion form prior to titration by serum replace- 
ment with a hydrochloric acid solution (pH 3) 
followed by serum replacement with pure water 
c131. 
3.6. Colloidal stubility limits 
The purified latices (0.2 ml) were mixed with 
sodium chloride solutions (2.0 ml) of increasing 
concentrations. The latex solids content after 
mixing was 0.5 wt.%. The highest salt concen- 
trations at which the latex was still stable after 
16 h of standing was expressed as the critical 
flocculation concentration (CFC) of the particu- 
lar latex. 
3.7. Protein adsorption experiments 
Protein adsorption experiments have been per- 
formed according to the previously reported pro- 
cedures of Brouwer [ 131 and Zsom [ 141. Latex, 
buffer and BSA solutions were mixed so that 4 mg 
of BSA per square metre of particle surface were 
present at a BSA concentration of 0.4 mg ml-‘. 
Sorensen phosphate buffer was used at a concen- 
tration of 0.067 mol 1-i to give a pH between 4.6 
and 8.4. After gentle shaking the samples were left 
standing for 1 h at room temperature. The serum 
was isolated by centrifugation (Heraeus Sepatech, 
Megafuge 1.0) at 5000 rev min-’ for 5 min using 
Millipore Ultrafree-MC filter units (0.2 urn), and 
was analysed for its protein content by HPLC-UV 
at a wavelength of 210 nm. Protein solutions which 
were prepared according to the above procedure 
but with the latex replaced by water were used as 
references. 
3.8. Electrophoretic mobility 
The electrophoretic mobility of hydrolysed and 
purified latex was determined on a Malvern 
Zetasizer 11~. The pH was controlled using 0.001 N 
HCl and 0.001 N NaOH. 
4. Results and discussion 
4.1. The carrier purticles 
Core-shell latices of two different particle sizes, 
256 nm and 390 nm respectively, have been pre- 
pared by seeded emulsion polymerisation using 
different cores. Table 3 gives an overview of their 
characteristics. Electron micrographs of the par- 
ticles are presented in Fig. 2. The p.d.i. measured 
by QELS and the electron micrographs indicate a 
high degree of monodispersity. The increase in 
absolute mass of the core particles after seeded 
emulsion polymerisation is visualised in the 
increased retention time after sedimentation field 
Table 3 
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Characteristics of core-shell carrier latices 
Latex Size (nm) 
QELS SEM 
Vicinal 
OH groups 
(ueo m-‘) 
0s 
(ueq m-‘) 
CFC (mol 1-r) 
NaCl CaCl, 
256 (0.07) 
390 (0.07) 
thickness. 
density. 
(4 
(b) 
flow fractionation The SF3 plot, presented 
in Fig. 3, the curves for and core-shell 
particles. Besides shift to 
the SF3 the absence of formation 
of of shell polymer particles. 
shell thickness is by subtraction of 
core radius, as given in 1, from the radius 
of core-shell particle determined by QELS. 
to the order of 
5-10 nm. Since QELS determined the hydro- 
dynamic radius calculated thickness refers to 
the water-swollen shell. vicinal hydroxyl, 
amide, and sulphate groups provide 
shell the necessary polarity for water 
swelling. The shell polymers protruding into the 
water are believed to the particles 
can deduced 
the resistance against 
and the absence of an effect of cation 
valency on CFC, whereas 
CFC (less 1.0 
mol 143 especially for cations with higher 
valencies. the polystyrene the 
dried core-shell particles insoluble in 
The presence of 
in the shell composition will enhance the 
mechanical stability of shell and prevent 
of the core. 
The core-shell particles are negatively charged 
the entire pH as shown by electro- 
phoretic mobility 4). The 
negative charge 
and sulphonate groups 
(comonomer The negative 
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Fig. 3. Sedimentation field flow fractionation diagram for AAJ19 core latex (curve 1), ALD3 core-shell atex (curve 2) and Cibacron- 
Blue-functionalised ALD3 core-shell atex with a ligand density of 1.5 mg rn-’ (curve 3). 
charge density 0 determined by conductometric 
titration is of the order of 0.2 peq mm2 (see Table 3). 
4.2. Cibacron Blue immobilisation 
The coupling of Cibacron Blue to hydroxyl- 
group-functionalised core-shell latex through the 
triazinyl chlorine functionality of the dye is pre- 
sented in Fig. 1. The reactive dye Cibacron Blue 
F3G-A consists of a chromophore group having 
an affinity for certain proteins and a chlorotriazine 
group for covalent attachment, which is not essen- 
tial for the specific affinity [20,21]. The exact 
composition of the commercial Cibacron Blue, 
however, is not known. Analytical evaluations by 
Hanggi and Carr showed commercial preparations 
to be composed of several chromophoric species 
[22]. The coupling experiments resulted in blue- 
coloured latices of different colour intensity. After 
dye immobilisation the latices maintained their 
monodisperse character, which can be shown by 
the SF3 plot (Fig. 3). The curve of the dye-coupled 
particles shows a slight shift to higher retention 
times, caused by the increased particle mass. The 
salt stability of the latex has increased after dye 
coupling, probably due to the introduction of extra 
charge, which enhances both the electrostatic and 
steric stabilisation. The latex can withstand more 
than 2 mollV1 of NaCl without flocculation. 
The ligand density or amount of immobilised 
chromophores was determined spectrophotometri- 
tally by measuring the diffuse reflectance of the 
cleaned suspension using the absorbance of the 
chromophore at 610 nm. To confirm the accuracy 
of this method, attempts have been made to com- 
pare the obtained values with those of other analyt- 
ical techniques. Spectrophotometric determination 
of the dye after removal from the particle by acidic 
hydrolysis appeared to be impossible owing to 
incomplete chromophore removal from the par- 
ticle. The determination of the increase in the 
nitrogen and sulphur content by elemental analysis 
is strongly hampered by the fact that the amount 
of both elements is close to the limit of detection 
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Mobilitv (-um/sec)lN/cm) 
Ligand density (mg/m2) 
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PH 
Fig. 4. Electrophoretic mobility of Cibacron-Blue-function- 
alised ALD 8 carrier latex as a function of pH and ligand 
density (mg mm2). 
owing to the relatively large contribution of the 
polystyrene core. In spite of this and the fact that 
the exact composition of the dye is unknown, 
elemental analysis confirms the order of magnitude 
of the values obtained by diffuse reflection spectro- 
scopy. Conductometric titrations show an increase 
in negatively charged groups after Cibacron Blue 
immobilisation. Whereas during the titration of 
the original latex only one equivalence point is 
detected, corresponding to strong acidic groups, 
titration of the latex with immobilised dye shows 
a second equivalent point, probably due to the 
introduction of weak acidic groups. Conducto- 
metric titration curves of the original latex 
and a dye-coupled latex are shown in Fig. 5. The 
increase in strong acidic groups can be ascribed to 
the introduction of sulphonate groups from the 
dye molecules. The introduction of weak acidic 
groups is possibly the result of a side reaction 
during the dye coupling at high pH, probably a 
hydrolytic ester splitting. After treatment of a 
core-shell latex under the coupling conditions in 
the absence of dye a second equivalence point 
2 4 6 8 
ml NaOH (0.01 Mel/l) 
I 
Fig. 5. Conductometric titration curves of the original core- 
shell latex (broken line) and of Cibacron-Blue-coupled latex 
(solid line). 
was indeed found by conductometric titration. 
Application of conductometric titration to a latex 
sample containing 1.8 mg of Cibacron Blue per 
square metre, determined by diffuse reflection 
spectroscopy, showed an increase in strong acidic 
groups of 4.1 peq m-‘. On the basis of 1.8 mg of 
Cibacron Blue per square metre, one would expect 
an increase of 4.2 or 6.4 ueq mm2 for two or three 
sulphonate groups per dye molecule respectively. 
Figure 1 presents a Cibacron Blue structure with 
three sulphonate groups per molecule, but Hanggi 
and Carr indicated also the presence of other 
species having fewer sulphonate groups [22]. 
Although conductometric titration gives no abso- 
lute evidence of the accuracy of diffuse reflection 
spectroscopy, just like elemental analysis, it con- 
firms the order of magnitude. 
Since the coupling reaction is performed under 
repulsive conditions (i.e. both ligand and particle 
are negatively charged) the coupling should be 
sensitive for the ionic strength of the reaction 
medium. The influence of electrolyte is illustrated 
in Fig. 6, showing a linear relationship between the 
amount of immobilised dye and the sodium chlo- 
ride concentration. The electrolyte concentration 
can thus be used to control the dye immobilisation. 
The increase in the reaction temperature, ligand 
concentration and the vicinal hydroxyl group sur- 
face density also showed a positive effect upon the 
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Ligand density (mglm2) 
250 
l 
/ 
:li’ 
2 3 4 6 
NaCl (mol/l) 
Fig. 6. The influence of the electrolyte concentration on the 
degree of Cibacron Blue coupling for carrier latex ALD 8. The 
ligand density was determined by diffusive reflectance. 
amount of ligand immobilisation, in agreement 
with the dye coupling to polysaccharides presented 
in the literature [20,21]. 
Figure 4 shows that the electrophoretic mobility 
does not change with increasing ligand density 
despite the increase in negative charge density. 
This can be explained by some kind of charge 
saturation effect and/or by the hydrophilic “hairy” 
surface layer which causes the hydrodynamic plane 
of shear to extend from the charged surface into 
the continuous phase. The non-dependence of the 
electrophoretic mobility on the pH value can be 
explained by the non-dependence of the negatively 
charged sulphonate groups on the pH value. The 
contribution of the weak acidic groups which were 
detected by conductometric titration is probably 
negligible in this respect. 
There is no direct proof of a covalent linkage 
between the triazine group and the hydroxyl group 
on the particles but there are some strong indic- 
ations for it. Firstly the amount of vicinal hydroxyl 
groups determined on the surface appears to be 
reduced and the pH of the reaction medium is 
decreased after the coupling reaction. Both obser- 
vations are in agreement with the reaction scheme 
presented in Fig. 1. Secondly the bound Cibacron 
Blue could not be removed from the surface by 
excessive washing even under strong acidic condi- 
tions. Unfortunately the vicinal hydroxyl group 
density could not be determined in a reproducible 
manner after dye immobilisation. It could therefore 
not be used for the accurate determination of the 
amount of coupled dye molecules. 
4.3. BSA interaction studies 
In Fig. 7, BSA adsorption is shown for poly- 
styrene core, core-shell and Cibacron-Blue- 
functionalised particles as a function of the pH. 
The core-shell particles, in contrast to their hydro- 
phobic polystyrene cores, do not adsorb any BSA 
over a large pH range. This indicates an effective 
masking of the hydrophobic polystyrene surface 
by the shell copolymer. Only a weak adsorption 
below pH 5 is observed for the core-shell particles, 
which is probably due to electrostatic attraction 
below the isoelectric point of BSA [16]. The 
absence of non-specific BSA adsorption is probably 
caused by steric repulsion of the hydrophilic 
surface. 
After Cibacron Blue immobilisation, spots with 
a specific affinity for BSA have been introduced 
on an originally repulsive surface, and BSA adsorp- 
tion is again observed over the entire pH range. 
The level of BSA adsorption appears to be linearly 
2.0 - 
l,O - 
A, I 
3,0 4,0 5,o eT0 7,0 
PH 
Fig. 7. BSA adsorption r as a function of pH for polystyrene 
core particles (0), core-shell particles ALD3 (0) and Cibacron- 
Blue-functionalised core-shell particles ( n ). 
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BE adsorption (mg/m2) 
I’ 
Fig. 8. BSA adsorption as a function of ligand density on 
carrier latex ALD3. 
proportional to the ligand density on the particles, 
as can be seen in Fig. 8. This BSA adsorption takes 
place in spite of the increased repulsive forces 
between the protein and the particle owing to the 
increased net negative charge of the latter. The 
adsorption is therefore believed to be caused by 
the specific BSA-Cibacron Blue affinity. The 
amount of ligand molecules that partake in the 
BSA complexation, assuming a monovalent inter- 
action, is only l-5%. This low ligand efficiency is 
probably caused by the large size difference 
between the protein and the ligand and the hin- 
dered accessibility of the ligands that have been 
immobilised in the deeper regions of the shell 
matrix. The increase in BSA binding with increas- 
ing ligand density for the higher ligand densities 
can be explained by some kind of cooperative 
effect of several ligands in binding one protein 
molecule. Figure 8 shows that a saturation level of 
BSA binding has not yet been reached with the 
ligand densities used. 
Under the conditions used 70% of the maximal 
adsorption level is reached within 1 min and maxi- 
mal adsorption is completed within 10 min, as can 
be seen in Fig. 9. Desorption can be accomplished 
by increasing the sodium chloride concentration 
of the suspension to 2 mol 1-l. Complete desorp- 
tion of BSA under these conditions is reached 
within 5 min. Under these desorption conditions 
adsorption (%) 
I 
1 I 1 I 1 I 
0 20 40 80 20 
---w t 
(iin) 120 
Fig. 9. BSA adsorption and desorption as function of time. 
the protein is desorbed without flocculation of the 
latex particles. The fast adsorption and desorption 
processes uggest hat the BSA-ligand interaction 
takes place at the outer surface of the core-shell 
particles. In contrast to beaded agarose there is no 
rate-limiting pore diffusion inside the carrier par- 
ticles. Since the BSA binding takes place rapidly 
under repulsive conditions the results presented 
above suggest hat BSA binding to the ligands is 
not severely hindered by the steric effects of the 
carrier particles and the use of additional spacers 
between particle and ligand can be omitted. 
In forthcoming papers the adsorption and 
desorption behaviour of these ligand-carrying core- 
shell latices will be further investigated [8,9]. 
5. Conclusions 
Polystyrene particles with a core-shell structure 
have been prepared. The particles are sterically 
stabilised by a hydrophilic copolymeric shell that 
completely covers the hydrophobic surface of the 
polystyrene core. These core-shell particles are 
characterised by an absence of BSA adsorption 
over a large pH range. Cibacron Blue, as model 
ligand, has been coupled to these particles directly 
to the hydroxyl groups present in the shell. The 
amount of immobilised dye could be determined 
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successfully by diffuse reflection spectroscopy of 
the latex suspension. The degree of dye immobilisa- 
tion appeared to be linearly proportion to the 
ionic strength of the coupling medium. The immob- 
ilisation of Cibacron Blue was accompanied by an 
increase in negative surface charge and colloidal 
stability while the electrophoretic mobility 
remained unchanged. The adsorption of BSA to 
the functionalised core-shell particles was found to 
be linearly proportional to the Cibacron Blue 
surface density. BSA adsorption and desorption 
could be controlled by the salt concentration and 
appeared to be completed within 10 min, under 
unstirred conditions, without loss of colloidal 
stability of the particles. 
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